Massive stars in binaries can give rise to extreme phenomena such as X-ray binaries and gravitational wave sources after one or both stars end their lives as core-collapse supernovae. Stars in close orbit around a stellar or compact companion are expected to explode as "stripped-envelope supernovae", showing no (Type Ib/c) or little (Type IIb) signs of hydrogen in the spectra, because hydrogen-rich progenitors are too large to fit. The physical processes responsible for the stripping process and the fate of the companion are still very poorly understood. Aiming to find new clues, we investigate Cas A, which is a very young (∼340 yr) and near (∼3.4 kpc) remnant of a core collapse supernova. Cas A has been subject to several searches for possible companions, all unsuccessfully. We present new measurements of the proper motions and photometry of stars in the vicinity based on deep HST ACS/WFC and WFC3-IR data. We identify stellar sources that are close enough in projection, but using their proper motions we show that none are compatible with being at the location of center at the time of explosion, in agreement with earlier findings. Our photometric measurements allow us to place much deeper (order of magnitude) upper limits on the brightness of possible undetected companions. We systematically compare them with model predictions for a wide variety of scenarios. We can confidently rule out the presence of any stellar companion of any reasonable mass and age (main sequence, pre main sequence or stripped). Although this finding is not in direct conflict with model predictions, it does rule out what many considered to be the most likely evolutionary scenario for type IIb supernova. More exotic scenarios that predict the presence of a compact companions (white dwarf, neutron star or black hole) are still possible as well as scenarios where the progenitor of Cas A was single at the moment of explosion (either because it was truly single, or resulted from the former disrupted binary or a from a binary merger). The presence of a compact companion would imply that Cas A is of interest to study exotic outcomes of binary evolution. The single-at-death solution would still require finetuning of the process that removed most of the envelope through a mass loss mechanism yet to be identified. We discuss how future constrains from Gaia and even deeper photometric studies may help to place further constraints.
Introduction
The deaths of a massive stars mark the birth of neutron stars (NS) or black holes (BH; e.g. Woosley et al. 2002) . They are accompanied by a bright supernova (SN) in the case of a successful explosion, during which the remaining outer layers of the progenitor star are ejected, inserting momentum, energy and newly synthesized heavy elements into the surrounding interstellar medium. Despite extensive work, many mysteries remain concerning the progenitor evolution, explosion mechanism and especially the possibly important role of binarity.
Various studies have shown that young massive stars are predominantly found in close binary systems (e.g. Kobulnicky & Fryer 2007; Chini et al. 2012; Sana et al. 2012; Kobulnicky et al. 2014; Almeida et al. 2017) . Systems where a companion is still present at the moment of the explosion and where that companion remains bound to the newly formed compact object are progenitors for several of the exotic products of binary evolution. These include X-ray binaries, rejuvenated pulsars and, if the system also survives the death of the second star, a binary containing two neutron stars and/or black holes (e.g. Tauris & van den Heuvel 2006) . The latter are now known to give rise to short-gamma ray bursts, kilonovae and strong emission of gravitational waves when they coalesce (Abbott et al. 2017 ).
Observationally, a large diversity is found in the characteristics that can be inferred from the light curves and spectra of corecollapse supernova. We distinguish two main classes of corecollapse supernovae: one hydrogen-rich type showing evidence for the presence of an extended and massive hydrogen envelope (Type II) and one lacking or showing only minimal evidence for hydrogen (Type Ib/c and Type IIb respectively; see e.g. Filippenko 1997, for definitions) . Supernovae that eventually give rise to double compact objects are expected to be of the second category, since the presence of a close companion does not allow for enough space for an extended hydrogen-rich progenitor.
In this work we focus on the intriguing subclass Type IIb, which can be considered as a transitional type between the hydrogen-rich (Type II) and the stripped-envelope supernova (Type Ib/c). The spectra of these supernovae initially show traces of hydrogen, but they disappear at later times, indicating that the progenitor has lost most but not all of its envelope. Several theoretical studies proposed this subtype to originate from the partially stripped star in an interacting binary (Podsiadlowski et al. 1993; Stancliffe & Eldridge 2009; Claeys et al. 2011; Yoon et al. 2017) . Alternatively the progenitor could be a binary system that merged after a common envelope phase leaving only a thin layer of hydrogen (Nomoto et al. 1995) . A single star origin has also been considered, where stellar winds and or eruptive mass loss episodes removed most but not all of the envelope (Woosley et al. 1994; Georgy 2012) . The theoretical models are subject to substantial uncertainties and it therefore not well known whether and how much these channels contribute or if there are further explanations.
The most famous example of a supernova of Type IIb is SN 1993J (Filippenko et al. 1993 ). Binary models explaining its characteristics of this specific supernova appeared shortly after its the detection (Podsiadlowski et al. 1993; Nomoto et al. 1995) , but also more recent studies have been devoted to this supernova (Stancliffe & Eldridge 2009; Claeys et al. 2011) . The close distance of 3.6 Mpc and the predictions by the early theoretical models, motivated a searches for a possible surviving companion. This required time for the supernova to fade away. A detection of a putative companion was first claimed by Maund et al. (2004) with a later more extensive analysis by (Fox et al. 2014) . Aside from SN 1993J, possible detections of a companion for Type IIb SN include SN 2011dh (Folatelli et al. 2014; Maund et al. 2015) and SN 2001ig (Ryder et al. 2006) .
The interpretation of the results for these extragalactic SNe are not trivial. Massive stars are often found in associations or clusters. This makes the chance of an unrelated bright star to be present at the location of the explosion non-negligible. Moreover, at these extragalactic distances, even very deep HST observations can only retrieve the brightest companions, while theoretical simulations predict that the companions are usually not expected to be very bright (Zapartas et al. 2017a ). These predictions appear consistent with the fact that several extensive campaigns searching for companions in relatively nearby supernovae only provided non-detection.
For example, Van Dyk et al. (2016) explored the explosion site of the Type Ic SN 1994I 20 yr after explosion, providing an upper limit on the mass of a possible main-sequence companion of 10 M . For the Type Ic-BL SN 2002ap observations taken 14 years after explosion provide a limit of 10 M for the mass of a possible MS companion (Crockett et al. 2007; Zapartas et al. 2017a) .
A much more promising strategy is to survey nearby young supernova remnants. Their vicinity allows for the possible detection and characterization of companions to much deeper limits. The companion may still be bound to the newly formed compact object. However, it is more likely to be unbound and fleeing the explosion site with a velocity similar to the linear velocity it had when it was still in orbit. The expected velocities can be tens to hundreds km s −1 , fast enough to be characterized as a runaway star (Blaauw 1961; Hoogerwerf et al. 2001; Eldridge et al. 2011) , although low velocities of a only few km s −1 are expected to be more typical (de Mink et al. 2014, Renzo et al. in prep) . Several runaway stars have been tentatively linked to to supernova remnants that also host neutron stars (Dufton et al. 2011; Tetzlaff et al. 2013 Tetzlaff et al. , 2014 Dinçel et al. 2015; Boubert et al. 2017) .
In this work we focus on the nearby supernova remnant Cas A, which was likely created in an explosion that occurred about 340 yrs ago (Fesen et al. 2006a) . Detection of optical echoes of the supernova outburst and subsequent spectra (Krause et al. 2008; Rest et al. 2008) show large similarity to those of SN 1993J, strongly suggesting that Cas A was the also the result of a core-collapse supernova of the transitional subtype, Type IIb. Young et al. (2006) infer a progenitor with an initial mass of 15 -25 M that has lost most but not all of its hydrogen envelope. The similarity with SN 1993J and the fact that progenitors in this mass range are generally considered not to have winds strong enough to lose their envelope, has lead many to consider a binary scenario for the progenitor of Cas A.
Cas A is very suitable for a companion search because it is very near (3.4 kpc; Reed et al. 1995) and very young (≈ 340 years). Its evolution has been monitored for decades (Baade & Minkowski 1954; Patnaude & Fesen 2014) , and its material, which emits across X-ray, optical, and infrared wavelengths, has been mapped in three dimensions (Reed et al. 1995; DeLaney et al. 2010; Milisavljevic & Fesen 2015) , providing extensive insight in the properties and explosion dynamics of a core-collapse supernova. An X-ray point source has been detected by Tananbaum (1999) , which is likely the remnant neutron star of the object that exploded as Cas A. Given the known center of expansion and the position of the neutron star, Fesen et al. (2006b) infer a transverse velocity for the neutron star of ≈ 350 km s −1 . The area around Cas A's center has been imaged extensively (Kamper & van den Bergh 1976; Fesen et al. 2006a; Patnaude & Fesen 2014 , and references therein). No obvious companion candidate similar to that of SN1993J has ever been reported, but there are a number of dimmer stars that have not been examined for proper motions. Cas A offers a unique opportunity to identify candidates due to the relatively precise knowledge of the center of expansion (accuracy of 1 ; Thorstensen et al. 2001 ). This allows us to distinguish a companion from a foreground or background object by requiring it to have a proper motion that would place it near the center at the time of explosion.
Recently, Kochanek (2017) carried out a search for binary companions to Cas A focusing on Panoramic Survey Telescope & Rapid Response System (PanSTARRS; Kaiser 2004) DR1 data for both the photometry and the extinction. The PS1 DR1 extinction maps (Green et al. 2015 ) indicate a relatively low extinction of A V 5 mag and with this extinction the mass of a companion is limited to being well under 1M . Kochanek (2017) note that De Looze et al. (2017) suggest a much higher extinction, and that for the maximum possible A V 15 mag this would weaken the limit to 2.5M . They also note that the HST photometry of a region encompassing companion ejection velocities of 300km s −1 rules out companions with masses above 1 M even at these very high extinctions. Kochanek (2017) also only discusses the limits on companions in the context of isochrones for single stars.
Here we carry out a detailed analysis of a wider HST field including proper motion measurements for all the stars that might be companions and assuming the higher extinction estimates of De Looze et al. (2017) . The De Looze et al. (2017) and PS1 DR1 extinctions may be mutually consistent if the extra extinction is located in a sheet located very close to Cas A. We find no possible surviving companion stars and explore the implications of the resulting magnitude limits not only for the masses of single stars but also for stellar remnants (white dwarfs, neutron stars) and stars that have been stripped through binary interactions.
In Section 2, we present the datasets as well as the methods that were used to obtain photometry and astrometry from the 
Data & Analysis
The observations presented in this work have been compiled from WFPC-2 (F450W, F675W), ACS/WFC (F850LP) and WFC3-IR (F098M) observations (PI: Fesen for all used datasets, see Table 1 ). We use all datasets except the F850LP dataset to measure the SEDs of the candidate stars (none of the candidates are detected in F450W, but we use the detection limit from this filter set) and but only the WFC3-IR and ACS/WFC data for astrometry.
For this work, we have looked for surviving companions with escape velocities up to 600 km s −1 . This is a rather conservative range. Velocities are expected to be well below about 300 km s −1 (e.g. Eldridge et al. 2011) . Velocities below about 10 km s −1 may be most typical (Renzo et al. in prep) . Faster unbound companions are exceedingly rare and require more exotic scenarios (c.f., Tauris 2015) .
Assuming an explosion date of 1680 (Thorstensen et al. 2001 ) and a distance of 3.4 kpc (Reed et al. 1995) , we calculate the search radius to be ≈ 12 . We detect 7 sources in the redder bands (all of them in F098M and some of them in F675W) of the observations within this radius and label them in Table 2 .
Photometry
We use the Hubble Legacy Archive (HLA) and used their SExtractor (Bertin & Arnouts 1996) generated dataset for the photometry for our analysis for the WFPC2 and WFC3-IR images. We do not include the F850LP for the photometric measurement of this work as the separation between both chips runs through our search field and thus the photometry is not evenly measured . We used the TOTMAG magnitude (aperture magnitude with aperture correction) supplied by the HLA (see Table 2 ). The TOTMAG magnitude is unavailable for the F098M dataset (pipeline problem; priv. comm. Rick White) but we reconstructed it using an aperture correction of 0.14 mag (from the handbook) on the MagAp2 magnitudes (0.27 Aperture). Finally, we use the measured photometry as well as upper limits to construct SEDs (using the synthetic photometry package wsynphot 1 ) that can then be further compared to theoretical models (see Figure 5 ). Luminosity Density [erg s
Spectral energy distributions (SEDs) of the candidates (using the same colors as in Figure 3&4 ) constructed from the photometry measured from all three observations including upper limits.
Astrometry
We measure the proper motions of the candidates stars using both the ACS/WFC F850LP and WFC3-IR F098M observations. Both the ACS/WFC F850LP (2003-11-13 -2004-12-04) For all observations, we download the individual FLC file from the HST archive and measured the positions of stars in each individual frame. The positions are measured using the PSF fitting program img2xym_WFC.09x10 for ACS/WFC data and img2xym_wfc3ir_stdpsf for WFC3-IR (e.g. Anderson & King 2000; Hosek et al. 2015; Bellini et al. 2017) . These programs are designed specifically for HST data and takes into account the filter and spatially dependent PSF for each instrument.
The proper motions are measured in a reference frame created for each pair of observations using stars in common between the two epochs. We use the first epoch of observations as the reference epoch and minimized a first order linear transformation between bright stars in the two epochs. This reference frame also accounts for the optical distortion so that the final pixel positions of stars are in a distortion-free reference frame. The final position for each epoch is the average of their positions in the four frames and with an uncertainty that is the standard deviation of the positions in the four frames divided by √ 4. The proper motion is then the difference between the pixel positions in the first and second epoch (e.g.
). Figure 2 shows the distribution of proper motion uncertainties as a function of instrumental magnitude.
We then filtered the resulting Fesen et al. (2006a) and prefixed this with "F06" and create new labels (prefixed with "K17") for the stars that are only shown in this work, The positional astrometry from Fesen et al. (2006a) least 2 frames per epoch and positional uncertainties of less than 0.5 px (≈ 25 mas for F850LP and ≈ 60 mas for F098M) in both x and y positions in all frames. We found the uncertainty of the position of the stars at the time of explosion of Cas A (assuming 1680) by performing a Monte Carlo experiment on the proper motions in pixel space and calculating the positions to 1680 (using 10 6 samples). We then transformed these Monte Carlo pixel positions using the HLA WCS to RA and Dec. These results are shown in Figure 3&4 for the two filters. The transformation assumes a 50 mas plate scale for ACS/WFC F850LP and 121 mas for WFC3-IR F098M. The final proper motion measurements are listed in Table 3 .
We compute the proper motions for the two instruments separately rather than combine for several reasons. First, switching instruments can incur a large systematic uncertainty due to differences in optical distortion, PSF variations, etc. Second, the ACS/WFC F850LP astrometry is at least a factor of 3 better than the WFC3-IR F098M. Even with the increase time baseline from combining F850LP with F098M, the proper motions will not significantly improve. We therefore use F850Lp proper motions for all sources except for ones that are only detected in F098M, such as F06-A and K17-Z.
Results
We find that there are no candidates with proper motions that could place them at the center of expansion at the time of explosion (Figures 3 & 4) . ACS/WFC F850LP provides the strongest constraints for all sources that are detected in that filter (F06-1, FK17-Y, F06-2, K17-X, K17-W). WFC3-IR F098M proper motions are able to eliminate the remaining two sources (F06-A and K17-Z) as coming from the center of the explosion. The proper motions for sources that are detected in both instruments are statistically consistent. The closest candidate progenitor is F06-1 at 4.9 . A coincidence with the center of expansion in 1680 is ruled out with more than 4σ confidence. The uncertainty in the center of expansion would need to be much larger than the current value (1 ) for this source to be a viable progenitor to Cas A. This suggests that any viable candidate needs to be dimmer than the photometric limit given by these observations (see Table 2 ). The photometric limits were derived by giving the magnitude of the faintest star found in the HLA catalogue with a quality flag of 0. This results in very conservative upper limits of 2.8 × 10 
Evolutionary Scenarios
Type the release of the energy that has been deposited by the supernova shock in the extended envelope; this peak is missing for compact progenitors. The light echo observations of Cas A do not allow to distinguish between these two possibilities, but the evolutionary history will generally be very different. Extended progenitors require stable Roche-lobe overflow (RLOF) in a relatively wide binary where the donor star may still be filling its Roche lobe at the time of the explosion or has become detached when the envelope mass has become sufficiently small and the donor starts to shrink. The mass in the extended envelope will typically be several 0.1 M (Podsiadlowski et al. 1993) . Compact progenitors can be the result of either stable RLOF in a relatively close binary (see Yoon et al. 2017) or the outcome of a commonenvelope phase where the envelope has been ejected during a spiral-in phase (Nomoto et al. 1995) . In the latter case, the system will generally be rather compact, and the progenitor only have a very small H-rich envelope after the common-envelope (CE) phase. Whether the system still shows hydrogen lines in the supernova also depends on the mass loss from the post-CE compact star, which will depend on the metallicity of the object (also see Yoon et al. 2017) . A second difference between extended and compact progenitors is that the former generally have to be the primaries of the binaries as mass transfer from a massive secondary to a compact star, the remnant of the first supernova, is expected to be dynamically unstable 2 . Therefore, for extended progenitors, one generally expects a stellar companion at the time of the supernova and that the companion is relatively massive (so that the mass-transfer phase is stable), as is the case for SN 1993J and SN 2011dh. In contrast, if a compact progenitor is formed through common-envelope evolution, it could be either the primary or the secondary of the binary, and the companion could be quite low in mass: it just has to be massive enough to release enough orbital energy in the spiral-in phase to be able to eject the common envelope. Note that, if the Luminosity Density [erg s
F098M upper limit main-sequence stars (a) Blackbodies using temperature and radii of main-sequence stars. Figure 3&4 ) constructed from the photometry measured from all three observations including upper limits. The gray shaded regions are below the detection limit of the presented photometry. This is the only area where a surviving stars would not be detected from this analysis compact progenitor is the original secondary of the binary, the companion star would be a compact star; depending on the detailed history, it could be either a white dwarf, a neutron star, or a black hole. Because the formation of an extended SN IIb progenitor requires quite a bit of fine-tuning, one should probably expect the majority of SN IIb progenitor to be of the compact variety (c.f. Claeys et al. 2011; Yoon et al. 2017) For the comparison with theoretical evolutionary scenarios we assume a distance to Cas A of 3.4 kpc. The choice of the extinction is of equal importance to the comparison with theoretical models. Figure 6 shows the extinction map presented in De Looze et al. (2017) . The center is only covered by four measurements and for the comparison we opt for the highest extinction of A V = 10.6 mag. One caveat is that the extinction might be patchy in the remnant's center and that the companion could be hidden behind a dust cloud. In addition to the measured extinction (A V = 10.6 mag), we also consider a very conservative A V = 15 in our evolutionary scenario comparisons. The other caveat is that dust emission De Looze et al. (2017) which is used to obtain the result of A V = 10.6 mag might emanate from background dust and result in an extinction estimate which is far too high (which is hinted at in Appendix B). For this work, however, we will stay with the conservative extinction estimate as this allows for stronger conclusions.
For our comparison, we only consider companion models consistent with the data if their flux is below our detection limit as none of the detected stars are companions of Cas A due to their proper motion. 
Main Sequence companion
A significant fraction if not the majority of SNe stripped of their hydrogen envelope are expected to have a main sequence companion at the moment of explosion (Claeys et al. 2014; Zapartas et al. 2017b) . In Figure 5a , we compare various main sequence companion models (using black bodies of the given radii and temperatures in Zombeck 2007) with the measured SED (assuming extinction and distance to Cas A). The data clearly rule out any companions similar to the ones found near other SN IIb sites. Specifically, the massive hot star (T eff ≈ 24000) found by Maund et al. (2004) [(see also Fox et al. 2014) ] at the position of SN 1993J post-explosion (within 0.3 pc of the supernova site) is excluded as a companion model for Cas A.
Stripped Star companion
For completeness, it is worth considering the presence of a stripped star companion, i.e. a companion that has lost its hydrogen envelope as well as a result of a prior interaction. This is not expected to be common according to binary population synthesis, but not impossible either (Pols 1994; Zapartas et al. 2017b) .
We use the spectral model grids of stars stripped in binaries through stable Roche-lobe overflow computed with the same assumptions as those presented in (Gotberg et al. 2017 ). This grid was computed using the non-LTE radiative transfer code cmfgen (Hillier & Miller 1998) . It covers a wide range of masses and will be presented in Götberg et al. (in prep.) . The entire grid we probed is M init = 2 − 18.2M (M stripped = 0.3 − 6.7M ). The present data (see Figure 5b) is inconsistent with any stripped companion in the presented grid, which likely rules out any viable scenario for a surviving companion that was stripped preexplosion.
White Dwarf companion
A further unlikely, but certainly not impossible scenario, predicts the presence of a white dwarf companion. This scenario has already been proposed for the formation of eccentric binaries consisting of a white dwarf and a neutron star, similar to the observed systems PSR B2303+46 and PSR J1141-6545 (e.g. Portegies Zwart & Yungelson 1999; Tauris & Sennels 2000; Church et al. 2006) . Figure 5c shows that our limits can not exclude a 1.2M CO white dwarf in a case of the assumed high extinction (corresponding to a 7M initial mass; see Figure 8 in Williams et al. 2009 ) with the temperatures and radius given by Tremblay et al. (2011) .
This means that the following scenario is still allowed, where Cas A was the result of the explosion of the secondary in a relatively low mass binary system. The primary star, i.e. the initially most massive star of the system, had to be just below or close to the threshold of 8 M and after mass loss through Roche-lobe overflow it was destined to become a white dwarf. The secondary in this scenario needs to a substantial fraction of the mass of the envelope of the primary to become massive enough to explode. Interestingly, this would imply that Cas A is one of the late core collapse supernova as discussed in Zapartas et al. (2017b) , exploding with a delay of about 50-200 Myr after formation.
In principle, there would be two testable predictions that follow from this scenario. Deeper searchers should eventually be able to detect the white dwarf. It should not be much older than about 200 Myr and therefore still be relatively hot. A second test would be to accurately characterize the co-moving surrounding stellar population which can be identified with Gaia. The expectation in this scenario would be that this population has an age of 50 -200 Myr.
Neutron Star or Black Hole companion
In case the companion was the initially more massive star of the system and evolved first, it is possible that it exploded in a prior SN producing a neutron star or black hole. Tananbaum (1999) identified an X-ray point source (XPS) near the center of expansion and suggest that this is the remnant neutron star of Cas A. Very deep imaging in the optical and infrared bands (Fesen et al. 2006a) have not revealed this point source (see Figure 5d ). This would suggest that we will likely also miss any other older neutron star in the field with our observations. It can not be excluded that the first born neutron star formed with an unusually high birth kick. For example, PSRs B2011+38 and B2224+64 have inferred 2D speeds of about 1600 km s −1 (Hobbs et al. 2005) , but no further XPS in the wider region have been identified with the remnant.
Another interesting hypothesis is that the visible XPS has been formed by a previous supernova explosion in the system, while the compact object remaining from the explosion that gave rise to the Cas A remnant has not been detected yet, for example because it is a black hole. This hypothesis may not be very likely, but is still highly intriguing, because it would make Cas A a direct progenitor of a possible binary consisting of two neutron stars or a neutron star and a black hole, if the system remained bound. This in turn would make it of potential interest as a gravitational wave progenitor, although we stress that other scenarios are more likely.
This hypothesis might potentially be constrained by understanding the observed cooling of the object (e.g., Heinke & Ho 2010; Elshamouty et al. 2013 ). The object is consistent with be-ing a neutron star (Ho & Heinke 2009) , and interpretations typically reasonably assume that the object is only a few centuries old. However, if the XPS is a neutron star which was responsible for stripping the SN progenitor, then accretion may have re-heated an older object. A related question is whether a suitable phase of accretion onto the neutron star, and perhaps also the effect of being close to the supernova, might leave behind a subsurface thermal structure which could naturally explain the unexpectedly rapid recent surface cooling of the object (Heinke & Ho 2010; Elshamouty et al. 2013) . We suggest that these questions deserve further consideration. With detailed models it may be possible to exclude the idea that the observed neutron star formed much more than a few hundred years ago. Alternatively this scenario might provide a natural explanation for the rapid cooling of the observed neutron star, which would also indicate that it was responsible for stripping the supernova progenitor.
No companion
There are three options for the Cas A progenitor being a single star at the time of explosion. The star evolved as a single star, or it merged with a companion before its death, or it was a member of a binary system that got disrupted by a prior SN.
Single star evolution for Type IIb is possible through wind mass-loss of very massive stars (see review by Crowther 2007) . However, uncertainties in the wind mass loss rates of redsupergiants might allow for thin pre-explosion hydrogen envelopes also for initial masses below ∼ 20 M (Yoon & Cantiello 2010; Renzo et al. 2017 ). The neighbourhood of Cas A contains stars that are consistent with being above 30M assuming a distance of 3.4 kpc and an appropriate extinction (see Appendix B). This suggest that Cas A also might have been such a massive star and thus the hypothesis of Cas A being a single star can not be easily ruled out. However, such a massive progenitor would be in conflict with the nucleosynthesis constraints on the progenitor by Young et al. (2006) . This scenario may be further constrained by carefully age dating the nearby stars for which Gaia would find similar proper motions and radial velocities. In this scenario, we would expect the surrounding population to be not much older than about 20 Myr.
The second scenario suggests a merger before explosion. Nomoto et al. (1995) describe the possibility of such a merger scenario for SN 1993J (9 years before the binary companion was identified in Maund et al. 2004 ). They argue that a possible evolution would start with two stars with a q << 1 in which the primary forms a He core and expands to fill the Roche lobe. This would lead to the formation of a common envelope and a subsequent spiral in of the secondary. If this spiral-in deposits enough of the orbital energy into the common envelope this might unbind it leaving it with a single star with a thin hydrogen envelope and no companion. This scenario is also consistent with the observations presented in this work.
Finding no companion is also consistent with a scenario in which Cas A progenitor was ejected from a disrupted binary system. The disruption occurred due to a prior explosion of the initially more massive star of the system that evolved first. In this case Cas A progenitor may have experienced mass exchange in the binary system before being ejected.
Conclusion
We present the deepest proper motion study for a surviving companion in Cas A and explore the implications this has on several Table 4 : Progenitor scenarios that are not ruled out by the presented data for two estimates of extinction evolutionary scenarios (for an overview see Table 4 ). Kochanek (2017) has done a wider but shallower study of the stars near the Cas A center of expansion (with our candidate K17-X and #1 in common). He assumes a much lower extinction (A V ≈ 4 mag compared to our assumption of A V = 10.6 mag as suggested by De Looze et al. 2017 ) but arrives at the same conclusion as this work -namely no companion found for Cas A. One might argue that the high amount of dust suggested by De Looze et al. (2017) is behind the supernova and that the extinction to Cas A is much lower (see also Appendix B). If this were confirmed this dataset might also rule out young and hot white dwarfs as companion. The only possibilities left for Cas A's progenitor scenario are a very compact remnant (white dwarf, neutron star, or blackhole), a binary merger, an ejected star from a disrupted binary system or a single star (see Table 4 ). This is in contrast to reported find of luminous companions for other SN IIb SN 1993J, (Maund et al. 2004 ) but see also Fox et al. (2014) ; and possibly for SN 2001ig (Ryder et al. 2006 ) and SN 2011dh (Folatelli et al. 2014) . However, for SN 2011dh this is questioned by Maund et al. (2015) .
Although the most likely scenario for a Type IIb supernova, which would imply the presence of a main sequence companion, appears to be ruled out, our findings are so far are not in conflict with theoretical predictions. They do however call for rather exotic scenarios. In Section 4, we have suggested several possible further tests to further investigate the remaining possible scenarios and constrain them.
The possibility that Cas A was single at death would either require fine tuning to explain why the star ended its life with a small amount of hydrogen, or it would argue in favor of late time mass loss mechanism that are not fully efficient in removing the full envelope. Some mechanism for late time mass loss have been proposed in the literature but it is not clear why they would leave a small layer of hydrogen. The possibility that the companion may be a white dwarf makes Cas A of possible interest in light of known eccentric binaries consisting of a older white dwarf and a younger neutron star. The possibility of a second neutron star or black hole as a companion is certainly the most intriguing one. In fact, we cannot rule out that the neutron star that is detected in the remnant is originating from the first explosion in the system, rather than the second explosion that gave rise to the remant of Cas A. It possibility would make Cas A of interest for understanding the formation of binaries neutron stars and binaries containing one neutron star and one black hole. The system would still have needed to remain bound at the second explosion. If bound, the system would be a potential future gravitational wave source. We do however stress that while this may be the most intriguing possibility it is probably the least likely. In particular, the offset of the the detected X-ray source from the center of expansion seems hard to explain in this scenario.
The presented result given in this paper gives rise to two hypotheses when thinking about the class of SN IIb: If SN IIb arise from only one specific scenario then Cas A would be a typical SN IIb. This would suggest that no SN IIb have luminous surviving companions post-explosion and the reported finds are coincidental alignments. Secondly, Cas A is different to other SN IIb like SN1993J and there are multiple progenitor scenarios that lead to these semi-stripped supernovae. Theory then predicts (see Section 4) that there would be more SN IIb with companions than without. We believe that falsifying either hypothesis can likely only be done using statistical methods on all SN IIb explosion sites. (Marigo et al. 2017 ) between 6.6 -8 log 10 yr.
